Abstract: Two lines of honey bees (Apis mellifera ligustica) were selectively propagated by instrumental insemination using the population growth of the Varroa mite as a criteria. Different infestation rates are at least partially genetic since selection produced significant bi-directional differences between lines over a period of three subsequent generations. There was no correlation between several behavioural and physiological characteristics which are potentially associated with Varroa resistance (hygienic behaviour, physical damage to mites, infertility of the intruding mites) and the development of the Varroa population after artificial infestation. There was a positive significant correlation between the total mites in the colonies and the amount of reared brood. Colony infestation was also positively correlated with the amount of honey harvested.
Introduction
Honeybee colonies (Apis mellifera L) have evolved many ways of successfully fighting colony enemies. The study of a number of behavioural and biochemical characteristics of honeybees which potentially determine the ability to control the level of infestation of Varroa jacobsoni Oudemans, has recently been the subject of numerous scientific publications (BU¨CHLER and DRESCHER, 1990; AKIMOV and PILETSKAYA, 1985; MORITZ and MAUTZ, 1990; ROSENKRANZ et al., 1993a ROSENKRANZ et al., ,b, 1997 MORITZ, 1994; DE GUZMAN et al., 1995; BIENEFELD, 1996; SPIVAK, 1996; HARBO and HARRIS, 1999; JANMAAT and WISTON, 2000) The control of this parasite has become increasingly difficult because of V. jacobsoni strains which have evolved resistance to a number of active agents commonly used in apiculture, such as fluvalinate in northern Italy (LOGLIO, 1993; LODESANI et al., 1995; MILANI, 1995) . Moreover the re-infestation of treated hives (MILANI et al., 1993) , and a possible accelerated pre-imaginal development of the parasite (MARTIN, 1994) reduce the efficiency of chemical and biotechnical treatments. Studies are urgently needed to show whether and which of such characteristics are really effective in maintaining low levels of infestation and to what degree they may be used for future breeding programmes.
The population density of mites in the original host, Apis cerana Fabricius, never exceeds a certain danger threshold, due to the almost exclusive reproduction of the mites in the drone brood (KOENIGER et al., 1981; TEWARSON et al., 1992; ROSENKRANZ et al., 1993a) , and removal of the infested worker brood (PENG et al., 1987a, b; RATH and DRESCHER, 1990; RATH, 1991; ROSENKRANZ and TEWARSON, 1992; TEWARSON et al., 1992; ROSENKRANZ et al., 1993b) . Effective grooming behaviour, i.e. aggression against mites in phoretic stage by parasitized bees by means of rapid movement of the legs and/or by other workers through the use of the mandible (PENG et al., 1987a, b; RATH, 1991; DELFINADO-BAKER et al., 1992; BU¨CHLER et al., 1992) further reduce the parasite load of A. cerana bees.
To a different degree, these behaviours have also been noted in A. mellifera L. Grooming behaviour has been shown to vary among and within different races, including A.m.intermissa Buttel-Reepen (BOECKING and RITTER, 1993), A.m. capensis Escholtz (MORITZ and MAUTZ, 1990) , A.m. carnica Pollman (WALLNER, 1988 (WALLNER, , 1990a (WALLNER, , b, 1992 RATH, 1991; MOOSBECKHOFER, 1992; RUTTNER and HA¨NEL, 1992; BU¨CHLER, 1993; HOFFMAN, 1993 ), A.m. ligustica Spinola (MORETTO et al., 1993 ZEPPEGNO et al., 1994; LODESANI et al., 1996) and hybrids of A.m. carnica · A.m. ligustica (BAGGIO, 1994) , has nevertheless demonstrated, with significant differences, an inferior intensity and effectiveness to that seen in A. cerana.
The purpose of this study was to screen for selectable variability of varroatosis tolerance in a population of A. m. ligustica colonies: We screened for the efficiency of grooming behaviour, hygienic behaviour, and mite infertility level as a resistance mechanism to population growth. Moreover we conducted a bi-directional selection scheme with two breeding lines one for a high and the other for a low level of Varroa infestation.
Materials and methods
During 1994 and 1995, a population of 60 A. m. ligustica colonies distributed in four different apiaries was tested for the number of mite in the brood and on adult bees. In 1996, the five most ('susceptible') and the five less ('resistant') infested colonies (P) were used as base population for a bi-directional selection. Each daughter queen was artificially inseminated with 8 ll of drone semen collected from one of the colonies of the same group ('resistant' or 'susceptible'). Using these queens, an offspring population of 29 colonies was established to be tested in the next season (F 1 ). The colonies were equalized with similar amounts of brood and honey, and then placed in an isolated apiary located in the Pianura Padana (northern Italy) for testing. In autumn they were treated with various acaricides [Api Life Var Ò (Chemicals Laif, Vigonza, Italy), Perizin Ò (Bayer-AG, Leverkusen, Germany), oxalic acid solution] to eliminate Varroa mites in the colonies.
Artificial infestation
In March 1997 the colonies were artificially infested with workers from four colonies not treated the previous year. In these colonies, the queens were caged 21 days before, to ensure that there was no brood in the colony and all the mites are on adult bees. The mite-infested bees were sprinkled with a water-honey solution and shaken into a box. The bees (and mites) were gently mixed in the box before they were added to the colonies with a ladle, on the top of the frames. Open brood, which was receptive for the mites was abundant in the colonies at that time. The infestation was repeated for a second time to reduce sampling errors by introducing more or less mites in different colonies. The average number of mites introduced into each colony was 105 ± 6 SD, determined from six samples of bees that were collected from the box during the artificial infestation (DE JONG et al., 1982; PAPPAS and THRASYVOULOU, 1988) .
Test
The colonies were tested as follows between April and August:
Hygienic behaviour (June and July): 100 worker pupae/ colony (about 3-6 days after capping) were killed by puncturing 10 · 10 brood cells with a no. 1 insect pin in a rhombic pattern. We paid particular attention that the wax capping of the cells was not contaminated with pupal body fluid (GRAMACHO et al., 1999) . After 12, 24 and 48 h the number of removed pupae (empty cells) was determined. The data obtained in two subsequent months was compared with paired samples t-test. The 'colony-effect' was evaluated with an analysis of variance using log-transformed data. The time required to remove 50% of the punctured brood was determined by probit analysis.
Rate of non-reproducing mites (July and August): 8 days after cell sealing (pupae with dark eyes) worker brood from two to three combs/colony was sampled and frozen. The degree of non-reproductive mites was evaluated based on inspections of 500 cells per colony. Only brood cells with a single mite (foundress) were considered to determine the frequency of infertile mites.
Grooming behaviour (from April to August): during periods of 4 days each -about twice a month -the mites that had naturally fallen on the bottom boards were daily counted and classified according to the kind of damage and the colour of the cuticle. The adult (dark coloured with hard cuticle) damaged mites were classified as follows: 1, single or double hole on dorsal shield; 2, mutilation or amputation of one or more legs; 3, multiple kinds of damage in dehydrated mites, probably dead for some time.
The worker and drone brood area was measured from the middle of March to August at regular intervals of 21 days using the method of GERIG (1983) .The total honey crop harvested, was registered at the end of the season.
The estimate of the total number of mites was obtained by treating the colonies several times with various acaricides in August when no brood was present. The number of mites found during this treatment was used to classify the colonies as 'resistant' (low number of mites) or 'susceptible' (high number of mites).
According to the test results obtained in 1997, a new generation (F 2 ) was reared in 1998 using the same artificial mating process as described above. Twenty-four test colonies of the second generation were equalized with similar amounts of brood and honey and artificially infested in March 1999 with 166 ± 9 SD mites each. From April to August the same tests as described above were conducted in the F 2 population. Data were analysed using SPSS Inc. 7.5 software (SPSS Inc., Chicago, Illinois).
Results

Hygienic behaviour
The time (h) needed to remove dead pupae from the punctured cells, was not significantly different (t ¼ 1.765, P ¼ 0.091) in the two subsequent months and the average value of the two samples was used in the subsequent analyses. Overall, the average time to remove 50% of the killed brood was 38 ± 31.1 SD (min ¼ 7.7; max ¼ 124.4). An analysis of variance based on these data yielded a significant 'colony-effect' for removal of dead pupae (F ¼ 39.04, P < 0.01). The correlation between removal and total infestation was not significant (R 2 ¼ 0.0003, P > 0.05).
F 2 (1999): The overall average time to remove the 50% of the killed brood in the second generation was 49.9 ± 27.7 SD. Again, the correlation between removal and total infestation was not significant 2 kg (± 6.7 SD, min 10, max 32). The average number of brood cells reared in the same period was 178 071 ± 34 824 SD (min 118 703, max 235 024). The difference in the colony development between the two groups was similar to the F 1 : the susceptible group reared more brood and harvested more honey than the resistant colonies (table 1).The total number of brood cells and the total mites have a significant exponential trend (R 2 ¼ 0.27, P ¼ 0.01). There was again a significant correlation between the total honey crop and the total mites (R 2 ¼ 0.61, P < 0.01) There was a strong correlation between honey production and the number of brood cells in both test years (R 2 ¼ 0.32, P < 0.01 in 1997; R 2 ¼ 0.47, P < 0.01 in 1999) which had been observed by others before (e.g. CALE and ROTHENBUHLER, 1984; WOYKE, 1984; SZABO and LEFKOVITCH, 1989) . Combining the data of the two generations, the relationship between total number of brood cells and total mites shows a significant polynomial trend (standardized data; R 2 ¼ 0.36, P < 0.01) (fig. 4) . Mean ± SD; min-max. Means in columns followed by the same letter are not significantly different (Mann-Whitney test, P < 0.01).
Infestation level
The mean level of infestation in the whole population was 4198 mites ± 1768 SD after 19 weeks. In the resistant group, the mean number of mites/ colony was significantly lower (3117 ± 990 SD) than in the susceptible group [5846 ± 1706 SD (MannWhitney U-test, U ¼ 5, P < 0.01)] (table 1) . F 2 , 1999: The mean level of infestation in the whole population was 661 mites ± 393 SD after 16 weeks. Again the mean number of mites per resistant colony (431 ± 179 SD) was significantly lower than in a susceptible colony (939 ± 407 SD, Mann-Whitney test, U ¼ 16, P < 0.01). The difference of the mean infestation level of the colonies in the two generation was probably due to unfavourable weather conditions (cold and rain) during spring 1999 that hampered colony development (less brood, less honey).
Bi-directional selection
The analysis of variance on the combined data set of all three generations (P, F 1 , F 2 ), shows significant differences between the resistant and susceptible lines (F ¼ 51.59, P < 0.001) (table 2, fig. 5 ). The realized heritability (response/selection differential) for the infestation level (calculated over the three generations) is 0.70 ± 0.39 SE. The regression of offspring on parent mean gives an estimate of h 2 ¼ 0.84 ( fig. 6 ).
Discussion
Hygienic behaviour has been shown to be an efficient defense mechanism against AFB and chalkbrood (SPIVAK and GILLIAM, 1993) . Apis mellifera worker bees are able to identify brood cells infested with Varroa mites and the removal response of worker bees is stronger towards brood cells containing two mites than to cells with one mite (BOECKING and DRESCHER, 1992) . SPIVAK and REUTER (1998) found less mites on adult bees in hygienic colonies in three of four apiaries. Although the expression of this trait is partially genetically determined, it also depends on factors such as colony strength and composition of worker within the colony (SPIVAK and GILLIAM, 1993) . Bees that detect and remove frozen (or punctured) pupae do not always have the ability to detect and remove mite-infested pupae (SPIVAK, 1996) . The study of JANMAAT and WISTON (2000) revealed that the colonies behavioural defences to parasitic infestations were influenced by the colony's Although our data show large variability in removal time among the colonies, and a significant heritability, the absence of correlation with the infestation level in both the generations, seem to indicate that this trait may have a weak influence at best on the mite population growth.
Value for the rate of non-reproductive Varroa mites on worker bees of European Apis mellifera subspecies vary depending on host race from 7.3 to 78.1 (FRIES et al., 1994; ROSENKRANZ and ENGELS, 1994) . The average percentage of infertile mites in our experiment was higher than that reported by ROSENKRANZ and ENGELS (1994) on Carniolan (19.4%) and Italian hybrid honeybees (22.5%). The results obtained by FUCHS (1994) showed that influence of larvae from different origin explain only a minor part of the occurrence of non-reproduction of mites. HARBO and HOOPINGARNER (1997) noted that non-reproduction had little effect on total infestation when it occurred at a level of less than 30%. Furthermore, the results of BOOT et al. (1996) suggest that the phenomenon of non-reproduction in worker cells is due to a trait of the mites rather than the host bees. It may only appear if the mite population has evolved by natural selection, which may be the case in African and Africanized bees. KIRSCH and ROSENKRANZ (1999) could not confirm the fertility level of mites to be important in their experiments in Uruguay where colonies can survive for long time periods without treatment. Our results confirm the poor weight of this trait for use as a specific character in a selection programme to produce resistant bees.
In Italian hybrids, EGUARAS et al. (1995) reported 30% dead mites with physical damage in resistant colonies. MOOSBECKHOFER (1997) reported 37% of mutilated mites in Carniolan colonies and a negative correlation with infestation level (r ¼ -0.36, P ¼ 0.001). ROSENKRANZ et al. (1997) found a significant individual difference in damaging activity among colonies and a percentage remarkably higher in A. m. carnica colonies than in A. m. ligustica ones. In A. m. ligustica colonies, FRIES et al. (1996) reported that 26.4% of all the naturally dead mites had injuries and only 9.1% of live mites had injuries. In their experiment, they could not demonstrate the importance of active mite mutilation by workers for Varroa mite tolerance. BU¨CHLER (1993) pointed out a strong seasonal influence of this trait. HARBO and HARRIS (1999) found low heritability on colony traits such as mites with broken legs and bodies (h 2 ¼ 0.17 ± 0.52) and for the total physical damage to mites (h 2 ¼ 0.00 ± 0.45). LODESANI et al. (1996) demonstrated the irrelevance of dorsal shield damage to mites. Since the undertaker workers carry mites to the outside the main damage is caused by the removal and transport of already-dead mites. All these elements and the lack of a significant correlation with the total infestation provide a poor prospect for selective breeding for this character (LIEBIG, 1996; ROSENKRANZ et al., 1997) .
Female mites are physiologically capable of reproducing up to seven times (DE RUIJTER, 1987; ACCORTI and MANNELLI, 1990) . Under natural conditions, however, the mite completes, on average, less than two reproductive cycles (FRIES and ROSENKRANZ, 1996) . Mites released from brood might infest new brood cells after a variable period of time passed on the adult bees. The length of the phoretic period is influenced by several factors. Young mites spend a longer time on the adult bees than do older mites (CALIS et al., 1990; WENDEL and ROSENKRANZ, 1990) . In addition to the age of the mites, the amount of available brood of the proper age (15-30 h for worker brood) also affect the phoretic period (WENDEL and ROSENKRANZ, 1990) . When brood is scarce, the mite spends a longer period in a phoretic phase (CALIS et al., 1990 ) and the number of mites in brood cells correlated significantly with the growth of the mite population (OTTEN, 1991) . BOOT et al. (1993) reported that a larger number of brood cells available for invasion was correlated with a higher probability for a mite which is on an adult bee, to invade a brood cell. In another experiment BOOT et al. (1994) found a strong relationship between the brood: bee ratio and probability of mite invasion. Their findings also support the data of MARTIN and KEMP (1997) about the high proportion of mites invading brood cell when large number of brood cells are available. Our data agree with these studies and also with reports of BU¨CHLER (1997) on reduced colony development (reduced strength of the colonies, a lower honey yield during spring development) in selected stock for reduced susceptibility to mites, if compared to an unselected control group. Selective breeding of bees for Varroa resistance cannot leave the colony performance out of consideration. The honey yield is correlated with the amount of brood, which in turn influences the growth of mite population. The aim of a selection project for Varroa resistance is of course to obtain both strong and productive colonies with a slow growth of their mite population. We show that this may be more difficult than has been thought in the past. Many interacting factors determine the expression of resist- ance in field conditions. Our study suggests the importance of field tests, where colony parameters are measured together with the various characteristics of bees that may be associated with the growth of the mite population.
This research documents that it is possible to select and breed a stock of honeybees, which is comparatively resistant and susceptible to Varroa jacobsoni. Differential infestation rates are strongly affected by selectable genetic variance in the light of the substantial differences between the selected lines. Although the rate of infestation appeared to be a successfully selectable colonial trait, it nevertheless seems clear that multiple and diverse effect are involved in actual infestation levels of colonies. However, several factors which have been previously shown to be potentially important for Varroa tolerance (hygienic behaviour, physical damage to mites, proportion of infertile mites), revealed no measurable correlation to the infestation level of the colonies. Hence, the causes of different infestation rates in the colonies and the actual resistance mechanisms remain unknown. Nevertheless, the clear selection results present a promising prospect in establishing varroatosis-tolerant honeybees in rigorously controlled breeding schemes. Regardless of the actual biological causes, classical selective breeding should be regarded as a prime tool to cope with the problem of varroatosis.
